Several anti-D immunoglobulin strategies exist for preventing Rh hemolytic disease of the fetus and newborn. This study systematically assessed the clinical value of those therapeutic strategies.
Introduction
Hemolytic disease of the fetus and newborn (HDFN) can lead to fetal hemolytic anemia, jaundice, intellectual retardation, premature birth, abortion and stillbirth. HDFN is an important cause of neonatal morbidity and death [1] [2] [3] . To reduce the incidence of HDFN and mortality among fetuses and neonates, anti-D immunoglobulin has been tested in clinical trials in the United Kingdom and United States since the 1960s. Anti-D immunoglobulin has been used to prevent postpartum disease in RhD-negative women and has greatly reduced HDFN-related morbidity as well as fetal and neonatal mortality [4] . The anti-D antibody production rate in the maternal serum after immunization has also decreased significantly from 12-13% to approximately 1.2%. Prenatal prophylaxis with anti-D immunoglobulin in Rh-negative mothers can further reduce anti-D antibody production in maternal sera, which has further reduced the incidence of hemolytic diseases in fetuses and newborns since 1980 [5] [6] [7] [8] [9] [10] [11] .
However, multiple countries recommend various anti-D immunoglobulin injection schemes, and no consensus has been reached on the use of anti-D immunoglobulin worldwide. Routine prenatal anti-D prophylaxis (RAADP) is recommended in some countries, while postpartum anti-D immunoglobulin injections are still used in other countries. Furthermore, the injection dose differs in some countries due to the lack of available immunoglobulin. Lee et al. suggested that administering low doses of anti-D immunoglobulin (50 μg) provided no benefit [12] . However, excessive doses may increase the risk of allergic reactions and infectious diseases.
Until now, no meta-analysis has been conducted to evaluate the association between anti-D antibody production rates in the maternal serum and various therapeutic strategies regarding anti-D immunoglobulin. We conducted this study to systematically evaluate the preventive effects of anti-D immunoglobulin on HDFN via network meta-analysis based on all related published data.
Material and methods

Search strategy
A comprehensive search strategy was employed to search the PubMed, EMBASE, Web of Science, China National Knowledge Infrastructure (CNKI) and Wanfang databases. The latest search was conducted on 7 July 2019. The following keywords were used in accordance with the search strategy: "RhD-negative" OR "D-negative" OR "Rh(D) Immuno-Globulin" OR "Anti-D Immunoglobulin" OR "Anti-D Antibody" OR "the hemolytic disease of the newborn" OR "haemolytic disease of the newborn" OR "HDFN" et al.
Inclusion and exclusion criteria
The inclusion criteria were as follows: 1) randomized controlled studies on administering anti-D immunoglobulin injections to RhD-negative pregnant women; 2) Rh-positive fetuses in intrauterine pregnancies of Rh-negative pregnant women; 3) reported dose and frequency of anti-D immunoglobulin injections; and 4) reported positive incidence of anti-D antibody in postpartum mothers. Duplications, reviews, case reports, conference abstracts, and studies without useful data were excluded.
Study selection
Two authors (XXH and FQR) screened the abstracts and titles of eligible publications and judged whether to further review the full text independently. We contacted the trial author when full texts were unavailable. Full texts were independently reviewed by XXH and ZD. In the case of any disagreement during the selection process, the decisions were obtained after group discussion. Finally, we used flow chart to show the total number of retrieved references and the number of included and excluded studies.
Data extraction
Two investigators collected data independently in accordance with predesigned tables, which included the name of the first author, publication year, country, sample size, intervention measures, control measures, and anti-D antibody production rate in the maternal serum.
Two researchers independently assessed the quality of all included studies using the Newcastle-Ottawa quality assessment scale (NOS). This method comprised three parameters of quality: selection (score: 0-4), comparability (score: 0-2), and outcome assessment (score: 0-3), with total scores ranging from 0-9. NOS scores >6 were considered to indicate highquality studies.
Statistical analysis
Stata statistical software, version 14.2 and WinBUGS 1.4.3 were applied to analyze the relationship between anti-D antibody production rates in the maternal serum and various anti-D immunoglobulin injection regimens. The random-effects model with vague priors for multiarm trials was used. The model parameters were estimated using the Markov chain Monte Carlo method of Gibbs sampling. The results are reported as the odds ratio (OR) and standardized mean difference(SMD) with 95% confidence intervals (CIs). To evaluate the inconsistency between direct and indirect effect estimates for the same comparisons, we evaluated each closed loop in the network. In a closed loop, we employed the inconsistency factor (IF) to evaluate heterogeneity among the included studies. Node analysis showed that the direct and indirect comparisons of each node did not differ (P>0.05), and the consistency model was used for convergence. To rank the treatments, we used the surface under the cumulative ranking probabilities (SUCRA). A comparison-adjusted funnel plot was used to assess the presence of small-study effect and publication bias. Table 1 summarizes the main characteristics of all included cohort studies. Table 2 has the treatment abbreviations.
Results
Characteristics of eligible studies
analyzed for 24 cohort studies comprising 64860 patients and nine treatment measures. Fig 2 shows the network relationship among the different treatment measures. Nodes are proportional to the number of patients included in the corresponding treatments, and edges are weighted according to the number of studies included in the respective comparisons. Nine treatment measures formed three triangles and two quadrilateral closed loops. The inconsistency factor was obtained under the inconsistency model using Gemetc software. Fig 3 shows the inconsistency plot used to identify heterogeneity among studies in the closed loop of this network meta-analysis. Three triangular loops and two quadratic loops are present in the network meta-analysis. The results showed that the inconsistency factor (IF) was 0.11 � 2.13, and the 95% confidence interval (CI) contained 0, suggesting that statistical inconsistency may not exist among these five closed loops (Fig 3) . Furthermore, node analysis was used to analyze the differences between direct and indirect comparisons among treatment measures (Table 3 ). 
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P>0.05 indicates that no statistical inconsistencies were observed, suggesting that a network meta-analysis can be accomplished by directly or indirectly comparing different therapeutic measures. Thus, data on various treatment measures can be converged using consistency models.
Results of the Bayesian network meta-analysis. According to the network of comparisons (Table 4) , the antenatal 5/E, antenatal 2/B, antenatal 4/D, antenatal 1/A, postnatal 3/I, postnatal 2/H, and antenatal 3/C regimens significantly reduced the serum anti-D antibody-positive rates compared with that of the blank/F regimen alone (antenatal 5/E vs. blank/F: OR = 0.00, 95% CI = 0.00-0.04; antenatal 2/B vs. blank/F: OR = 0.01, 95% CI = 0.00-0.01; antenatal 4/D Similarly, we used a forest plot to represent the network meta-analysis results (Fig 4) . All immunization schemes were significantly more effective than was the blank control scheme (P<0.05). Rank probability. Injecting 300 μg of anti-D immunoglobulin at 28 and 34 gestational weeks (antenatal 5/E) was the most effective treatment (surface under the cumulative ranking curve [SUCRA] = 96.8%; Fig 5) , and administering 300 μg within 28 gestational weeks (antenatal 2/B) was the second most effective (SUCRA = 89.2%). Administering no injection or a placebo was the least effective (SUCRA = 0.0%). 
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symmetric, and the regression line is less tilted; therefore, this study may have a small sample effect and slight publication bias.
Discussion
In 2012, the National Institute of Health and Clinical Optimization (NICE) proposed that preventing maternal antibody sensitization via routine prenatal anti-D prophylaxis (RAADP) is a cost-effective method (http://www.nice.org.uk/). The British Committee for Standards in Haematology (BCSH) published the latest guidelines in 2014, recommending the use of anti-D immunoglobulin to prevent haemolytic disease of the fetus and newborn [32] . These guidelines recommend that RAADP be performed in RhD-negative pregnant women in their third trimester of pregnancy. RAADP includes the following regimens: a single dose of 300 μg (1500 IU) anti-D immunoglobulin between 28 and 30 gestational weeks or a two-dose regimen of 100 μg (500 IU) anti-D immunoglobulin at 28 and 34 gestational weeks. A Kleihauer-Betke test should be performed after delivery to estimate whether fetomaternal hemorrhaging exceeded 4 ml, then another 100ug(500 IU) should be administered within 72 hours of delivery. In 2017, the American College of Obstetricians and Gynecologists (ACOG) [33] recommends prophylactic anti-D immune globulin to unsensitized Rh D-negative women at 28 weeks of gestation. After birth, if the baby is Rh D positive, these mothers should receive anti-D immune globulin within 72 hours of birth. However, an observational study noted that compliance with the single injection regimen was better than that with the two-injection regimen [34] . A single injection may also reduce costs. No evidence exists to assess the efficacy of these therapeutic strategies [32] .
Therefore, we conducted a network meta-analysis comparing multiple treatment measures. The results revealed that the antenatal 5/E, antenatal 2/B, antenatal 4/D, antenatal 1/A, postnatal 3/I, postnatal 2/H and antenatal 3/C regimens significantly reduced serum anti-D antibody positive rates compared with that of the blank/F regimen alone, indicating that anti-D immunoglobulin immunotherapy, whether administered before or after delivery, significantly 
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Anti-D immunoglobulin strategies for preventing Rh-HDN reduced the incidence of maternal serum anti-D antibody positivity in Rh-negative mothers with Rh-positive fetuses. Moreover, antenatal 5, antenatal 2, antenatal 4, antenatal 1 and postnatal 3 were the most effective treatment measures for reducing the incidence of maternal anti-D antibody positivity. Therapeutic regimens antenatal 5 and antenatal 2 were likely the most effective regimens for preventing hemolytic diseases in fetuses and newborns. The SUCRA for preventing maternal antibody sensitization indicated that the 300-μg anti-D immunoglobulin injection at 28 and 34 gestational weeks (antenatal 5/E) was likely the most effective regimen (SUCRA = 96.8%), and administering 300 μg within 28 gestational weeks (antenatal 2/B) was likely the second most effective (SUCRA = 89.2%). Administering no injection or a placebo was the least effective regimen (SUCRA = 0.0%). The anti-D immunoglobulin mechanism of action, which is closely related to the drug duration and dose, may explain these results. Anti-D immunoglobulin is extracted from the serum and used to prevent neonatal hemolysis.
RhD-positive red blood cells (containing the D antigen) from the fetus stimulate antibody production in RhD-negative mothers. During pregnancy and delivery of the first RhD-positive fetus to RhD-negative mothers, the red blood cells of the RhD-positive fetuses enter the RhDnegative mothers and stimulate the mothers to produce IgG anti-D antibodies. When an RhDnegative mother later carries an RhD-positive fetus, the antibodies in the maternal serum enter the fetal blood circulation via the placental barrier and can cause neonatal hemolysis.
However, during the pregnancy with the first RhD-positive fetus, or within 72 hours after delivery, RhD-negative mothers can be intramuscularly injected with 300 μg anti-D 
immunoglobulin, which can bind to the D antigen leaked into the mother's serum and desensitize it, thus blocking anti-D antibody production in the mother's serum. Anti-D immunoglobulin had no significant preventive effect on mothers who had already produced anti-D antibodies.
Twenty-five micrograms (125 IU) of anti-D immunoglobulin can typically protect against a fetal-maternal hemorrhage (FMH) of approximately 1-2 ml of blood. Therefore, 100 μg (500 IU) of anti-D antibody can prevent an FMH of approximately 8 ml, and 300 μg can prevent an FMH of approximately 30 ml. An FMH of greater than 30 ml is uncommon [35] . However, pharmacokinetic studies have shown that anti-RhD levels vary among patients, and some may have insufficient anti-RhD levels during childbirth [36] . A single injection of 300 μg anti-D immunoglobulin maintained a high immunopreventive effect for approximately 12 weeks. Bowman et al. [37] suggested that women who failed to give birth within 12 weeks after receiving the prenatal doses should receive a second dose of anti-D immunoglobulin to maintain the immunopreventive effect.
Routine prenatal prophylaxis with anti-D immunoglobulin is unlikely to benefit the current pregnancy or improve pregnancy outcomes, but it can reduce the anti-D antibody production during subsequent pregnancies. Chilcott et al. [38] noted that routine anti-D immunoglobulin injections should prevent future hemolytic diseases in infants. In many countries, including 
the United Kingdom and Australia, the guidelines recommend routine universal prenatal anti-D immunoglobulin prevention (http://www.ranzcog.edu.au/ and http://www.rcog.org.uk/). The incidence of D-negative individuals varies among ethnic groups, with the highest being in Basques (30% -35%), followed by North American and European Caucasians (15%) [38] . In China, RhD-negative individuals constitute approximately 0.3% of the population [39] . Routine use of anti-D immunoglobulin is the main method of decreasing the erythrocyte alloimmunity ratio.
Conclusions
Several limitations must be considered when interpreting the results of this meta-analysis. First, the literature included in this study spanned a long time period, and the titer or quality of anti-D immunoglobulin varies over time, which may affect the outcome. Second, the recruited participants were all from western countries, and no studies could be found regarding Asians and anti-D immunoglobulin. This might limit the application of our conclusions, and research on other races should be conducted.
In conclusion, this study showed that the current first-line recommendation is two 300-μg prenatal immunizations at 28 and 34 gestational weeks. If the anti-D immunoglobulin supply is inadequate, the second alternative should be a single 300-μg prenatal immunization at 28 gestational weeks.
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